INTRODUCTION
The composite ground in this paper is deˆned as the foundation subgrade ground with parts formed by improving methods such as deep mixing, preloading and sand compaction piling. When designing the foundations of piles to be constructed in composite ground, how to set the necessary range of ground improvement and the strength of the ground are the key issues on evaluating the horizontal subgrade reaction to the piles. However, there is no rational and uniˆed determination method for such factors. Consequently, there is also no systematic seismic design method that considers the in‰uence of the dynamic behavior of the composite ground on pile foundations during earthquakes.
Tomisawa and Nishikawa (2005a, b) developed a reasonable design method, in which prior to constructing piles the ground is improved at the shallow part of the pile foundations in soft ground and loose sandy ground. In this method, increased shear strength is re‰ected in the horizontal resistance. The construction method studied uses a combination of pile foundation together with common ground improvement methods, including deep mixing (DM), preloading and sand compaction piling (SCP), and is referred to as the composite ground pile method (Civil Engineering Research Institute of Hokkaido, 2002;  Public Works Research Center, 1999) .
This study presents a design procedure for the composite ground pile method which evaluates the range of in‰uence of the horizontal resistance of piles and the necessary range of ground improvement on the basis of engineering judgment and the horizontal subgrade reaction of piles from the shear strength increased due to ground improvement. The validity of the proposed design procedure for the composite ground pile was conˆrmed through an in-situ horizontal loading test together with a numerical analysis using three-dimensional elasticˆnite element method under static conditions. Next, a series of centrifuge model tests and numerical analyses using elasticˆnite element method were carried out to clarify the dynamic behavior and the horizontal bearing capacity of the composite ground pile during earthquake. Seismic resistance of the composite ground pile was evaluated from the reductions in displacement and bending moment of piles caused by earthquake motions on the basis of the results of centrifuge model tests. Since improved ground shows higher strength than the original ground in the proposed composite ground pile method, diŠerent dynamic response of the pile is supposed to occur in improved ground system. On the basis of the results of numerical analyses, the in‰uence of the diŠerence in strength between the original and improved grounds on the horizontal bearing capacity of piles during earthquake was clariˆed by comparing the earthquake-induced ground deformation and sectional forces of pile for the cases with and without composite ground. The proposed design procedure by considering the in‰uence range of the horizontal resistance of pile and the increased shear strength of the composite ground enables properly setting the necessary range of ground improvement for the best performance of the composite ground pile and evaluating the eŠects of ground improvement on the seismic resistance of the pile foundation. Finally, cost performance of the composite ground pile method was discussed on these results.
EVALUATION FOR HORIZONTAL RESISTANCE OF PILES INSTALLED IN COMPOSITE GROUND
Consideration of the Range of Ground Improvement As indicated in the studies on the lateral resistance of piles by Broms (1964a, b) and Reese et al. (1974) , the range of in‰uence of horizontal resistance in the ground when horizontal force is applied to a pile spreads gradually as load increases. As a result, when the failure limit state of the ground is reached following the horizontal displacement of the pile, a state of equilibrium is considered to be maintained between the maximum value of the horizontal subgrade reaction and the passive earth pressure.
In the composite ground pile method, therefore, the necessary range of ground improvement, i.e., the necessary range to be considered fully improved to generate horizontal subgrade reaction to the pile, is proposed to be a three-dimensional domain formed with the gradient of the surface of passive failure u＝(459 ＋q W 2) (q: angle of shear resistance of soil) from the depth of the characteristic length of piles, 1 W b, (b＝ 4 (kD) W 4EyI), which means the in‰uence depth of the horizontal resistance of piles on the basis of the limit equilibrium and the Mohr-Coulomb failure criterion. Here Ey, D and I are Young's modulus, diameter of pile and second moment of area of the pile section, and k is coe‹cient of horizontal subgrade reaction. To safely set the depth of ground improvement, k of original ground is proposed to be adopted for calculating the characteristic length of piles, 1 W b.
As a result, the necessary range of improvement is set as a three-dimensional inverted cone shape centered on the pile. However, since it is di‹cult to conduct ground improvement in a cone shape due to construction limitations, a cubic body covering the range of the invert cone shape shown in Fig. 1 was proposed for the range of ground improvement. The method for setting the range of ground improvement for pile group is the same as that for a single pile.
Method for Determining Horizontal Subgrade Reaction
In determining the horizontal resistance of piles, the subgrade reaction p acting on a pile is considered to increase in proportion to the de‰ection y expressed by the equation p＝k・y, where the coe‹cient k is deˆned as the coe‹cient of horizontal subgrade reaction (k value), on the basis of the elastic bending theory of beam (Chang, 1937) . The k value depends on pile speciˆcations and ground properties (Terzaghi, 1943; Vesic, 1961) ; the formula for calculating k shown in Eq. (1) is widely used for the design of pile foundations in Japan (Japan Road Association, 2002a). This means that k value for the horizontal resistance of piles constructed in composite ground can be calculated from the modulus of deformation E.
where E is the modulus of deformation of the improved ground (kN W m 2 ), a is a compensation coe‹cient for the k value which depends on the prediction method of E, D is the diameter of pile (m), and b is the characteristic value of piles (m -1 ). When DM is used for ground improvement with the composite ground pile method, the ground is formed by placing improved columns with required strength around the piles. The shear strength of composite ground S is calculated by Eqs. (2) 
where Sc is the shear strength of the improved columns (kN W m 2 ), S0 is the shear strength of the original ground, ap is the ground improvement rate, as is the ratio of strength reduction of the original ground due to the failure strain of the improved columns which is usually Fig. 2 . Relationship between the unconˆned compressive strength quc of improved columns and the modulus of deformation Ec (cohesive soil) (modiˆed from Public Works Research Center, 1999) set as 1 W 2 to 1W 3, q up is the unconˆned compression strength of improved columns (kN W m 2 ), quo is the unconned compression strength of the original ground, Ap is the area of the cross-section of the improved columns (m 2 ), and A is the distribution area per improved column. Greater strength can be expected for the composite ground when DM is adopted for ground improvement; the shear strength of improved columns Sc in the composite ground pile method is approximately 200 to 500 kN W m 2 , which is the range of commonly used design values. In this case, improved columns are installed one by one with an improvement rate of ap＝78.5z or higher to ensure a certain level of the horizontal subgrade reaction of the piles.
Consequently, to properly select the horizontal subgrade reaction of piles in improved ground in a design for the composite ground pile, it is necessary to evaluate the increases in shear strength S and modulus of deformation E of the ground due to ground improvement. In DM method, the shear strength of improved columns Sc can be obtained from the relationship between unconˆned compression strength quc and shear strength of improved columns Sc (＝quc W 2), as shown in Eq. (3). It is also well established that the unconˆned compression strength quc is proportional to the modulus of deformation Ec of improved columns. For example, the design manual for the deep mixing method for onshore construction (Public Works Research Center, 1999) gives the relationship Ec＝ 100 quc for improved cohesive ground (Fig. 2) . Therefore, it is assumed that the modulus of deformation of improved ground E can be treated equivalently to shear strength S, i.e., E for calculating k value of the improved ground can be expressed as shown in the following equation in the same way as the calculation of S.
where Ec and E0 are the moduli of deformation of the improved columns and the original ground respectively. Similarly, when using preloading, vacuum consolidation, or other surcharge methods for ground improvement around piles, the shear strength S of the ground after consolidation is determined by
where Su is the undrained shear strength of the original ground, DS is the increment of shear strength due to consolidation, m is the rate of increase in shear strength, DP is the stress increment in the ground and U is the average degree of consolidation of the soft ground layer (Public Works Research Center, 1999) . The rate of increase in shear strength, m, needs to be set in detail through soil tests for diŠerent types of ground materials. By regarding the increment in shear strength DS generated by consolidation as equivalent to the increment in the modulus of deformation DE achieved by ground improvement, the modulus of deformation E for the fully improved ground can be calculated in the same way, even when using the surcharge method.
When SCP is applied to the composite ground pile method for ground improvement around piles, k value in the composite ground is calculated by Eq. (6) (e.g. Japanese Geotechnical Society, 1988) using the improvement ratio of sand piles a s ;
where ks is k value of sand piles (kN W m 3 ), and kc is k value of the original ground among sand piles. This means that ks and kc can be calculated directly from the respective modulus of deformation which is evaluated from SPT Nvalue or by the horizontal loading test in a borehole. Nvalue of sand piles formed by SCP is approximately 10 to 15, and therefore a greater improvement rate as cannot be set. However, since the installation of sand piles increases the density of ground among sand piles, an increase in the horizontal resistance of piles can be expected.
By re‰ecting the increased ground strength from any particular ground improvement in the horizontal subgrade reaction, as for the composite ground pile mentioned above, it becomes possible to adopt a greater horizontal resistance for piles in improved ground, which re‰ects closely the actual ground conditions. Although ground improved by the composite ground pile method has higher strength than the original ground, the rigidity of piles is much greater than that of the improved ground, and the strength of the improved ground is also presumed to be non-uniform in most cases due to the construction methods of ground improvement. Therefore, the improved part around piles for the composite ground pile method should not be considered as a structureˆxed to the pile heads, but as a ground with relatively high rigidity in the same way as the case when pile foundation is constructed in common grounds. 
VERIFICATION OF THE PROPOSED DESIGN METHOD THROUGH IN-SITU HORIZONTAL PILE LOADING TESTS
To conˆrm the validity of the proposed design method, as a case study, a series of in-situ horizontal loading tests was carried out on foundation piles of an abutment for directly evaluating k value for the composite ground pile method. The site selected for the loading test was a castin-place pile foundation of a box-type abutment constructed in soft ground. In this site, the horizontal subgrade reaction of piles was too small to satisfy the design criterion without ground improvement, and it was appropriate to use DM for the composite ground pile method. The in-situ loading tests focused mainly to reveal the behavior of horizontally loaded piles installed in the improved ground.
The cast-in-place piles were 1.2 m in diameter and 17 m in length. In the area surrounding the cast-in-place piles of the abutment, DM was adopted with a design unconned compression strength of qup＝200 kN W m 2 and an improvement rate of ap＝78.5z for the improved columns. DM was applied in the same way as when it was employed for ensuring slip stability at the back of the abutment and as a countermeasure to prevent lateral spreading. The range of ground improvement was set as a three-dimensional cubic body around the piles to cover a space with the gradient of surface of passive failure u＝(459 ＋q W 2) from the depth 1 W b＝3.65 m, i.e., the whole layer of soft ground ( see the method shown in Fig. 1) . Figure 3 shows a general view of the bridge abutments and the foundations together with the N-value of the original ground.
The horizontal loading test was carried out using a multi-cycle load control system and was performed in accordance with the guidelines for pile loading tests of the Japanese Geotechnical Society (1983). A load cell, a hydraulic jack, and a loading tower were installed between the test and reaction piles, and a static load was applied in one direction until pile head displacement reached approximately 1z (0.012 m) of the pile diameter. To measure the bending stress of the test piles, reinforcing bar strain gauges were installed on two lines of the main reinforcing bars of the test piles at regular intervals along the depth. Figure 4 shows a diagram of the horizontal loading test system and the detailed installation of the reinforcing bar strain gauges. The strain gauges were carefully waterproofed. Table 1 shows a comparison of the coe‹cients of horizontal subgrade reaction of piles, the design value for the improved ground k, the value for original ground k0, the value calculated from the measured unconˆned compression strength of improved columns k U and the value estimated from the results of the horizontal loading test kH together with their ratios to the design value of improved columns k. The value of the original ground k0 was found to be 9.3 MNW m 3 from the modulus of deformation of the original ground E 0 where N §5 or lower. The design value for the improved ground was calculated to be k＝47.8 MN W m 3 by Eqs. (1), (2) and (3) based on the design unconˆned compression strength quc＝200 kN W m 2 and improvement rate ap＝78.5z, in which the relationship between the modulus of deformation of the improved columns Ec and quc shown in Fig. 2 was adopted. However, the average unconˆned compression strength of the improved columns at the material age of 28 days after construction was quc＝408 kN W m 2 at the depth of 1 W b, and the calculated value of kU was 107.0 MN W m 3 , which was almost twice as high as the design value. The value kH was found to be around 100 MN W m 3 , from the secant gradient between the horizontal load H and the displacement of pile-head y, at which standard displacement of 1z of the pile diameter ( y＝0.012 m) was adopted. The displacement of pile-head y was determined according to Hayashi and Chang's method (Hayashi, 1921; Chang, 1937) as: Figure 5 shows (1) the relationship between the measured horizontal load H and pile head displacement y obtained from the in-situ horizontal loading tests of piles and (2) the relationship between H and y calculated by Eq. (7). As a result, the value kH §100 MN W m 3 estimated from the horizontal loading test at the standard displacement of the pile head was coincident with the calculated value k U ＝107.0 MN W m 3 from the proposed design method. Therefore, it could be considered that the required horizontal subgrade reaction of the pile horizontally loaded is governed by the shear strength of the ground in the range of passive failure at the shallow part of the pile. Figure 6 shows the pile bending stress calculated by the linear elastic subgrade reaction method compared with the pile bending stress measured from the in-situ horizontal loading test at the horizontal load level of Hmax＝1800 kN. The bending stress calculated using kU was close to the measured value, but was diŠerent from the value calculated from k0.
The bending stress distribution of piles obtained from the analysis using the three-dimensional elasticˆnite element method is also shown in Fig. 6 . For the analysis model, a cubic body of improvement was reproduced around the piles with a depth of 1 W b in accordance with the proposed setting method, and a horizontal load which is equivalent to that of the in-situ horizontal loading test was applied to the pile head. In the three-dimensional elasticˆnite element analysis, the modulus of deformation of the original ground was set on the basis of test results, and the modulus of deformation for improved columns was set as E＝40000 kN W m 2 , which was calculated from qup＝400 kN W m 2 . Since it was an elastic analysis, cohesion C and internal friction angle q were not taken into account. However, the eŠect of nonlinearity on the pile rigidity was taken into account depending on the strain level. As a result, the bending stress distribution of piles obtained from the analysis using the three-dimensional elasticˆnite element method was closely coincident with the measured bending stress in the same way as the value obtained from the analysis using the elastic subgrade reaction method.
The validity of the proposed design method for the composite ground pile, i.e., setting the range of ground improvement and calculating the horizontal subgrade reaction from the increased shear strength due to ground improvement, was conˆrmed from the in-situ loading test under static condition described above.
EVALUATION OF EARTHQUAKE RESISTANCE FOR THE COMPOSITE GROUND PILE METHOD

Centrifuge Model Tests for Veriˆcation of the Dynamic Behavior of Composite Ground Pile with DiŠerent Rigidity between Improved and Original Grounds
The validity of the proposed design method for composite ground pile was conˆrmed through an in-situ horizontal loading test under the static conditions. To verify the dynamic behavior of composite ground pile with diŠerent rigidity between improved and original grounds, a series of centrifuge model tests was conducted to investigate the dynamic responses of both the ground and the piles. To simplify the model for testing, a uniform sand ground with relatively high rigidity was adopted as the improved ground around the pile head, and soft cohesive soil was assumed to be the original ground. As the materials of model grounds, air-dried Toyoura sand and kaolin clay were used for the improved and original ground respectively.
For the dynamic centrifuge model test, a 1:50 model of ground and piles was prepared in a laminar model container with inner dimensions of 0.7 m×0.2 m×0.35 m. A 50 g (g: gravitational acceleration) centrifugal accelerationˆeld was adopted for the test to satisfy the similarity law on the stress level. A model pile with an outer diameter d＝0.01 m, thickness t＝0.002 m, and pile length L＝0.4 m was made from steel pipe and speciallyˆn-ished. A prototype scale steel pile with outer diameter d＝ 0.5 m and thickness t＝0.01 m was simulated in the centrifugal accelerationˆeld for this model pile according to the similarity law. A steel block with a weight of W＝3.92 N (equivalent to 490 kN at the prototype scale) wasˆxed to the pile head to simulate the substructure and superstructure, and the lower end of the model pile wasˆxed in the model base ground with gypsum. Strain gauges were attached to the model pile to measure both axial and bending strain generated along the axis of the pile, and acceleration sensors were installed on the pile head and in the ground to measure the responses of both pile and ground during shaking. Figure 7 shows the setup of the test model. To form the model ground, a single layer of air dried kaolin clay was prepared to simulate the uniform soft ground, and the improved ground was prepared by replacing kaolin clay with Toyoura sand in the area around the pile head to simulate the improved ground with relatively high rigidity. The improved ground using Toyoura sand was a rectangular body with length and width of 0.2 m and height of 0.1 m centered around the pile to simulate the range of in‰uence of the horizontal resistance of the pile, which was assumed to cover the inverted cone formed by the gradient of the surface of passive failure u＝(459 ＋q W 2) from the depth of the characteristic length of piles, 1 W b, based on the proposed setting method. The model grounds were prepared by pouring both kaolin clay and Toyoura sand from a certain height. Table 2 shows the physical properties of kaolin clay and Toyoura sand. The relative density of improved ground with Toyoura sand was set at 85z. As the mechanical properties of the model grounds, the ratio of strength expressed by the cone index qc at 1 g condition between kaolin clay and Toyoura sand was approximately 1:3, and the ratio of rigidity expressed by the shear modulus G drawn from bender element tests between them was approximately 1:5. The details of the A sine-wave was used as input motion in the shaking tests. The acceleration level of the input motion in the model was set as 10 m W s 2 (equivalent to 20 gal at the prototype scale) to simulate the behavior of the pile and ground over a small range of deformation (the horizontal displacement of pile head was nearly equivalent to 1¿2z of the pile diameter). Figure 8 shows a comparison of the frequency curves for piles between uniform ground of kaolin clay and improved ground using Toyoura sand. These data were obtained from shaking tests using sine-waves with various frequencies. The vertical axis in theˆgure represents the ratio of Fourier amplitude of the acceleration response at the pile head to that of the input acceleration at the base ground, i.e., the ratio of transfer functions and curveˆt-ting for the frequency curves was performed to remove noise by using a three-order function. As a result, the natural frequency of the pile was found to be 0.95 Hz in the uniform ground of kaolin clay and 1.4 Hz in the improved ground using Toyoura sand. Because the improved ground has greater shear strength, the period of the pile in composite ground becomes shorter. Since the damping eŠect of the whole bridge system (superstructure and substructure) changes with the shortening of the period (heightening of the frequency) of the pile foundation, careful attention should be paid to the radiation damping phenomenon from the pile foundation to the ground when considering the earthquake resistance of piles in improved ground (Railway Technical Research Institute, 1999). Figures 9 and 10 show the distributions of horizontal displacement and bending moment respectively along the axes of piles installed in the uniform ground of kaolin clay and improved ground using Toyoura sand at a time interval of Dt＝0.1 sec. The data for theseˆgures were obtained during shaking using the sine-waves with natural frequencies of piles as the input motions. The maximum displacement of the piles in the improved ground using Toyoura sand was only 1 W 6 of that of piles in uniform ground of kaolin clay (d max for the improved ground W dmax for the uniform ground §0.0016 m W 0.0107 m). The maximum bending moment occurred within the range of depth 1 W b was 1 W 2.5 of that in uniform ground of kaolin clay (Mmax for the improved ground W Mmax for the uniform ground §25.2 kN-m W 64.3 kN-m) and converged within the range of improved ground with Toyoura sand. This was considered to be due to the restriction on the pile head in improved ground and the decrease in displacement amplitude of the pile during shaking. As a result, by using ground improvement around the pile head, a certain amount of earthquake resistance that restricts pile displacement and bending moment against earthquake motion was achieved, though careful attention should be paid to the shortening of the natural frequency of pile foundations in improved ground.
Two-dimensional Elastic Finite Element Analyses for Clariˆcation of the Dynamic Response of the Pile in the Boundary between Improved and Original Grounds
The greatest concern about the horizontal dynamic behavior of piles in composite ground seems to be the response of piles at the boundary between improved and original grounds, where diŠerent ground rigidity appears. This problem was examined for the composite ground pile when DM was adopted through numerical analyses. To qualitatively clarify the dynamic response of the pile in the boundary between improved and original grounds, a series of dynamic two-dimensionalˆnite element analyses was conducted. The analyses were mainly focused to reveal the earthquake resistance of composite ground piles where original ground with diŠerent thickness exists between composite ground and base. The model used for analysis was a one-span abutment foundation shown in Fig. 11 . This site has typical conditions for the composite ground pile method using DM as the ground improvement method, and the purpose of numerical analyses was to acquire basic information on the earthquake resistance of the composite ground pile such as the in‰uence of the diŠerence in strength between the original and improved ground, and the earthquake induced ground deformation and sectional forces of pile under diŠerent ground conditions. The composite ground pile method was applied to the upper layer composed of loose silt andˆne sand. The pile model consisted of castin-place piles (pile diameter D＝1.2 m, pile length L＝11 m, pile arrangement n＝5×4＝20) of an abutment foundation supported by mudstone bedrock. The rigidity of four piles installed in the direction perpendicular to the axis of the bridge was taken into consideration for analysis. The range of ground improvement was set as a cubic body with a depth of 5.2 m, equivalent to the depth of 1 W b, and the same width as the outside piles. b was estimated by calculating the coe‹cient of horizontal subgrade reaction k0 from the modulus of deformation E0＝ 2100 kN W m 2 at the upper layer of the original ground in accordance with the proposed setting method. The improvement rate was set at ap＝78.5z of DM for the one by one installation pattern. In the analysis model, the weight of superstructures such as the abutment and bridge beam was treated as a vertical load, and the horizontal load applied to the pile foundation was set as the sum of the inertial force of the substructure and the dynamic earth pressure acting on the abutment during an earthquake at the seismic intensity method level. The vertical and horizontal loads were applied to the center of the bottom of the footing respectively. The input parameters for the improved columns and original ground are shown in Table 3 . The modulus of deformation of the composite ground E was calculated by using Eq. (4), in which the modulus of deformation of the original ground E0 was obtained from soil tests and that of the improved columns Ec was derived from the relationship between Ec and quc given in Fig. 2 . For Poisson's ratio n, a commonly used value was adopted for the original ground, and for the improved columns, n＝1 W 6 was adopted by referring to past test results published by the Public Works Research Center (1999) .
The dynamic shear modulus of the original ground GD, was calculated from the elastic shear wave velocity Vs through Eq. (8) (Japan Road Association, 2002b). Fig. 12 . Shear rigidity ratio G W G0 and damping h-shear strain g curve
where, gt is the unit weight (kN W m 3 ), Vs is the elastic shear wave velocity (m W s) and g is the gravitational acceleration. The dynamic shear modulus for the improved columns GD was converted from static shear modulus of elasticity G S calculated by using the static modulus of deformation E as shown in Eq. (9):
0.781 (9) where, GS＝E W 2(1＋n). In the analysis model, cast-inplace piles were treated as beam elements. Improved columns in the composite ground were treated as linear material because they have a certain amount of shear strength. The nonlinearity of sandy silt and sandy soil was taken into account.
To clarify the pile stress at the boundary between the improved and original grounds during an earthquake, the following three cases with diŠerent analysis models were carried out: (1) the range of improvement was to a depth of 1 W b and reached the stiŠ layer (NÀ10), i.e., the case with the analysis model as shown in Fig. 11 (Case 1); (2) the improved ground did not reach the stiŠ layer and there was a thin weak layer with a thickness of 1 m between the improved ground and the stiŠ layer (Case 2); and (3) the improved ground did not reach the stiŠ layer and there was a thick weak layer of 5 m between the improved ground and the stiŠ layer (Case 3). The weak layers in Case 2 and 3 were considered to be the surface silt layer, and its shear strength was set as 1 W 6 that of the stiŠ layer.
Since the dynamic analysis mainly focused on the diŠerence in response characteristics of diŠerent ground conditions, two-dimensionalˆnite element method using complex response analysis of the equivalent linearity was adopted. In the analysis, the equivalent width of a single pile perpendicular to the axis of the bridge was 3.25 m, the boundary conditions were set as the energy transmission boundaries on the right and left sides, and the cohesion boundary was the bottom of the bedrock. The Kaihoku Bridge motion recorded during the Miyagiken-Oki earthquake in 1978 was induced as the input seismic wave. The peak acceleration amplitude of the input earthquake motion was adjusted to be 105 gal based on the seismic intensity method.
According to the technical manual of liquefaction countermeasures (Coastal Development Institute of Technology, 1997), nonlinearity of the ground was addressed by changing the ratio of the shear modulus of elasticity G W G D and the damping constant h depending on the strain level for diŠerent types of ground (sandy and cohesive) as shown in Fig. 12 . Figure 13 shows the distribution of the maximum shear strain occurring around the piles A, C, and E in the horizontal direction of the ground for Cases 1, 2 and 3. While no shear strain of the ground was observed at the top and bottom ends of the piles, relatively large shear strain occurred at the boundary between the improved and original grounds. In Case 2, there was signiˆcant shear strain of the ground (gmax＝4.5z) at the boundary between the bottom of the improved grounds and the underlying thin weak layer. This shear strain value was considered to be caused by the yielding of the weak ground, and there was a possibility that a high level of stress would be concentrated at such point of the piles following the deformation of the ground. However, the maximum shear strain at the boundaries of the grounds in Cases 1 and 3 was equal to or less than gmax＝0.8z, approximately 1 W 6 of the value in Case 2. Figure 14 shows the bending moment M, axial force N, and shear force S for pile A (front side) in Cases 1, 2, and 3. The bending moment distribution of pile M varied in each case. While a relatively large bending moment was observed at the pile heads and bottom of the improved ground, especially in Case 2, the maximum bending moment was Mmax＝2554 kN-m and the bending stress of the piles was calculated as smax＝241 MN W m 2 , which is within the range of allowable stress for reinforcing bars during an earthquake ssa＝300 MN W m 2 and design standard strength of concrete sck＝24 MN W m 2 . The axial force of piles N showed a general decreasing tendency with depth. A relatively small axial force of the pile in Case 3 was considered to be in‰uenced by the phase diŠerence. While the shear forces S were relatively small for Cases 1 and 3, a large shear force (Smax＝1787.0 kN) equivalent to the shear resistance of piles S＝1,800 kN developed at the boundary between the improved and original ground in Case 2, which was similar to the behavior of the maximum shear strain of the ground. As with the results, in the composite ground pile method, relatively large shear strain of the ground and sectional forces of the pile in the boundary between improved and original grounds were induced during earthquake when thin layer of unimproved weak ground remained between the improved ground and stiŠ base ground as the condition of Case 2. Therefore, it is claried that when deciding the depth of ground improvement, basically it is set as the characteristic depth of piles 1 W b, but need to check carefully if there is thin week layer between improved ground and stiŠ base ground will be remained or not to ensure earthquake resistance. Since ground conditions are usually complicated for most cases in theˆeld, it will be necessary to verify the earthquake performance of piles at the boundary using dynamic response analysis (Japan Road Association, 2002b) when the dynamic behavior of piers and other foundation structures are expected to be under particular conditions.
USEFULNESS OF THE COMPOSITE GROUND PILE METHOD
The proposed design procedure that accounts for the in‰uence range of the horizontal resistance of pile and the increased shear strength of the composite ground enables properly setting the necessary range of ground improvement for the reasonable design of the composite ground pile and evaluating the eŠects of ground improvement on the seismic resistance of the pile foundation. High cost performance by using composite ground pile method was achieved comparing with the conventional construction methods. Figure 15 shows a comparison of the foundation shape for composite ground piles and that for the conventional method without ground improvement under the same design conditions of the site described in the previous paragraphs, in which a horizontal loading test of full-scale piles was carried out as a typical case study of the composite ground pile method.
When using the conventional method, unless embankment reductions or other special measures are taken at the back of the abutment, an unrealistic number of piles, n＝ 14×5＝70, is necessary and the scale of construction must be increased to ensure adequate horizontal resistance against soft ground. By using the composite ground pile method, the horizontal resistance of piles can be ensured by ground improvement around cast-in-place piles. It is therefore possible to make the abutment size smaller by reducing the number of piles to n＝3×4＝12, although the pile diameter needs to be changed from 1.0 m to 1.2 m. As a result, in this case the construction costs, including ground improvement around the pile foundation, would be reduced by approximately 45z by adopting the composite ground pile method compared with the conventional method.
To date, the composite ground pile method has been adopted as the countermeasure for soft ground or loose sandy ground at ten sites. The reduction in construction cost is estimated to have been 20z to 50z, demonstrating the usefulness of this method. The reduction in construction cost mentioned here is the ratio of the cost for one bridge abutment, including the cost of the abutment body, pile, and ground improvement, when the composite ground pile method is adopted to when it is not adopted. In this case, the construction cost is strongly dependent on the number of piles.
CONCLUSIONS
Through a series of experimental and numerical studies, a procedure on the composite ground pile method was proposed. Design for the composite ground pile on the basis of the conventional design of pile foundations is possible by considering the following issues:
(1) The range of in‰uence of the horizontal resistance of composite ground piles, or the necessary range of ground improvement, is a cubic body that covers the shape of the gradient of the surface of passive failure u＝(459 ＋q W 2) from the depth of the characteristic length of piles, 1 W b, based on existing design consideration and engineering judgment. (2) The validity and safety of the composite ground pile design method was veriˆed with the existing linear elastic subgrade reaction method and three-dimensional elasticˆnite element analysis, which were conducted based on the results of in-situ horizontal loading tests of piles for an actual bridge foundation. (3) The dynamic behavior of composite ground pile with diŠerent rigidity between improved and original grounds was conˆrmed through a series of dynamic centrifuge model tests. Su‹cient earthquake resistance of piles in composite ground, such as the restriction of horizontal pile displacement and bending moment against earthquake motions was veriˆed on the basis of the test results. (4) The in‰uence of the boundary between improved and original grounds on the dynamic response of the piles was clariˆed through dynamic elasticˆnite ele-ment analyses. It was conˆrmed that thin weak layer remained between improved ground and stiŠ base ground will induce relatively large shear strain of the ground and sectional forces of the pile in the boundary between improved and original grounds. (5) Based on the case studies of several practical construction sites, the cost reduction of the composite ground pile method was conˆrmed to be 20z to 50 z compared with the conventional method if it is applied to sites on soft ground or loose sandy ground where the speciˆcations of piles are controlled by horizontal resistance.
